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Possible Mechanism for Hole Conductivity in Cu-As-Te Thermoelectric Glasses: a XANES and EXAFS Study Bhuvanesh Srinivasan, [a] Shuo Cui, [a] Carmelo Prestipino, [a] Alain Gellé, [b] Catherine BoussardPledel, [a] Soraya Ababou-Girard, [b] Angela Trapananti, [c] Bruno Bureau, [a] Sergio Di Matteo* [b] INTRODUCTION Thermoelectricity, efficiently converting wasted heat into electricity, can be considered a viable route to solid-state cooling and to power generation. Indeed, recent thermoelectric devices allow for the direct and reversible conversion of thermal and electrical energies 1, 2 , and might soon replace chlorofluoro-carbons as cooling devices. The main paradigm in the present researches on thermoelectric materials is strongly focused on the "phonon glass electron crystal" (PGEC) model [2] [3] [4] , which proposes an offbeat combination of glass-like low-thermal conductivity and crystal-like high-electrical conductivity. We remind that the final goal for the optimization of a thermoelectric device is to maximize the so-called figure of merit, defined as ZT = S 2 T/, where S is the Seebeck coefficient,  the electrical conductivity, T the absolute temperature and  is the thermal conductivity. This explains the search for low- and high- (and S) materials. In the pursuit of the PGEC model, several frameworks have been analyzed, mostly based on engineering complex crystal structures such as skutterudites or Zintl compounds. In the former case, thermal conductivity is reduced by rattling dopant atoms in cage structure 5, 6 , whereas in the latter a high degree of valence imbalance and disorder is the key to increase the ZT value 7, 8 .
Other notable approaches to enhance ZT includes, synergistic nanostructuring 9, 10 ; fostering resonant levels by impurities inside the valence band 11 ; quantum confinement of electron charge carriers 12 ; and convergence of electronic band valleys 13, 14 . So far the thermoelectric potential was established in several material classes, including tellurides [15] [16] [17] [18] [19] , selenides 1, 20 , half-heuslers 21, 22 and silicides 23, 24 .
More recently [25] [26] [27] , a revival in a different approach to the PGEC principle appeared. It deals with the possibility of designing electrically conductive glassy phases, based on chalcogenidetelluride glasses, which are known to inherently possess high Seebeck coefficient and low thermal conductivity. The main limiting factor in these chalcogenide glasses is their mediocre electrical conductivity. Yet, it was recently found [28] [29] [30] [31] that doping glasses with Cu leads to a huge enhancement in the electrical conductivity. For example, the 20% Cu-doping in arsenic telluride
shows an increase in  by almost 5 orders of magnitude ( 6 S/m) 28 compared to the pristine arsenic telluride glass ( 10 -4 S/m), without dismantling the amorphous structure of the glass (i.e., without introducing crystallization) and its characteristic high Seebeck coefficient and low thermal conductivity. In spite of the deep experimental investigation by Lucas et al. 28 , no explanation about the physical mechanism leading to this huge increase in electric conductivity was found. In keeping with the PGEC paradigm, it was advanced 32 that a metal-like conductivity takes place even in the glass, due to Cu 4s (or 3d) empty orbitals. Indeed, Cu-atoms were supposed to oxidize with Te, given the relative electronegativity of the two atoms (2.1 for Te and 1.9 for Cu within the Pauling scale). Yet, we believe that this picture needs to be reconsidered in the light of the findings reported in this work. In the following, we present our experimental and theoretical results and then devote the last part of the paper to describe a possible mechanism for the increase of the hole conductivity in the glasses with Cu doping.
METHODS AND RESULTS
The experimental details concerning the synthesis of Cu-As-Te glasses are explained in detail in the Supporting Information (SI). We performed X-ray Absorption Spectroscopic measurements, both near-edge (XANES) and in the extended energy region (EXAFS), at beamline BM23 33 (ESRF, Grenoble), at the K-edge of As, Te and Cu. Measured X-ray 4 absorption spectra at the As K-edge and at the Te K-edge are shown in Fig. 1 . The main result at the As K-edge ( Fig. 1(a) ) is that Cu doping does not affect significantly the valence of As, as no noticeable chemical shift is present in the As K-edge spectrum with increasing Cu content. The only clear change in the As XANES spectrum is present in the region above 11870 eV, and might therefore be related to structural changes. However, EXAFS data (Fourier transform of the k 2 (k) signal, i.e., |χ(r)| (Å -3 )), reported in the inset of Fig. 1(a) , show that Cu-doping does not either affect appreciably the local structure around As atoms (in particular, the curves of 2% and 5% Cu-doped compounds are practically identical to that of the undoped compound), so that the changes above 11870 eV should rather be related to further nearest-neighbor shells (e.g. Cu-Te bonds). If we look instead at the Te K-edge, in Fig. 1(b) , an appreciable shift of the edge towards higher energy appears with increasing Cu content. We remark that the relative energy shift of 
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Though we could not arrive at a definitive conclusion about the local structure of our glasses around Te, yet the close similarity in the XANES spectra of our Cu-As-Te glasses and Cu2Te, both at the Te K-edge ( Fig. 1(b) ) and at the Cu K-edge (Fig. 3 below) , suggests that their local structure might be close. The glasses and Cu2Te spectra look very similar also at the Cu-L3 edge (not shown). In particular, from Fig. 1(b 40 , using a self-consistent LMTO approach. In order to double-check these results within the VASP package we evaluated the charge on each atom following the partitioning of space introduce by Bader 41, 42 . FFT grids were increased upto 24 x 24 x 40. Because of the presence of Cu atoms, the electronic density is expected to be sensitive to the value of the Coulomb repulsion 43 , that was included (LDA+U) with the approach of Dudarev et al. 44 . The calculation was performed with Coulomb repulsion on both 3d states (Ud = 7.5 eV) and 5p states (Up = 1 eV). Brillouin-zone integration was performed using a 9 x 9 x 5
Monkhorst-Pack k-mesh, and DOS calculation using a 21 x 21 x 13 mesh. Our results provided a tiny positive value for Cu (+0.008). We should notice that, given the low value of the charge transfer, both our FDMNES and VASP results, differently of the one of Kashida et al. 40 , are compatible with the absence of any charge-transfer in Cu2Te, thereby leading to a purely covalent picture of the Cu-Te bonding with no ionicity. We also remark that, even in VASP calculations, Cu ions can be made slightly negative by increasing the Coulomb repulsion Up to 2 eV. We remind that the specific value of the Coulomb repulsion can be sample-dependent, 43 . The interpretation given by Kim et al. 34 for CdTe was rather based on a purely ionic approach with Te 2 ions, leading to the complete filling of 5p states and to the transition to 6p states, higher in energy. However, this picture is untenable to explain the shift to higher energy of our glasses: even in the hypothesis of a charge transfer from Cu to Te, making Te negative, 2% to 20% Cu-doping would allow only a limited filling of the 5p band, not a complete filling, against the interpretation of Kim et al. 34 . 
DISCUSSION
A model for glass conductivity -XANES data show that glasses have a chemical shift of the same sign as the Cu2Te sample. We can therefore extend the interpretation of electron charge transfer from Te to Cu for the glasses as well. Actually, further VASP calculations with less symmetric (monoclinic) local structure of Cu2Te taken from the literature 48 show that lower local symmetries can increase the negative charge on Cu compared to the Nowotny structure (still of the order -0.01). Of course, a typical framework valid for crystal calculations might not be simply transferred to glasses, where the dopant is not forced on a lattice site. It is well-known instead that, as exemplified by the famous 8-N rule 49 , the glassy structure usually adapts itself to the dopant coordination, without requiring the generation of valence defects. Yet, if we consider the band scheme derived before for the crystal as a valid input to describe also Cu-As-Te glasses, this allows not only to explain the XANES data at the As, Te and Cu K-edges for the glasses, but can also fulfill the 8-N rule and lead to a mechanism that explains the increase in electrical conductivity with Cu doping. The latter point is a consequence of the formation of hole doping in the 5p non-bonding states of Te. The mechanism is depicted in Fig. 4b and works in the presence of Cu-Te bonds, which should be therefore maximized in order to optimize the value of . The 4s electronic states of copper, just below the energy level of the highest Te 5p non-bonding states (the lone pair), efficiently collect Te 5p electrons and create a hole charge-reservoir in Te 5p energy levels.
We remind that the original framework to describe p-type conductivity in intrinsic amorphous
As-Te glasses is the so-called Valence Alternation Pair (VAP) mechanism 50, 51 . In this model, non-bonding states of Te (the lone pair) are unstable with respect to excitations leading to the formation of charged defects states (e.g., a C3 + /C3 -center as in Fig. 4a ) by thermal electron transitions (in, e.g., As50Te50 enhanced by the possibility of forming triple bonds with As atoms).
The VAP mechanism of electrical conduction is extremely slow, being determined by both the thermal excitation of non-bonding electrons to antibonding states and by the correlation of two such electron excitations in nearby Te-atoms, so as to form a charge separation (depicted in Fig.   4a ). Instead, as shown in Fig. 4(b) , the hole formation in the valence band of Te is enormously enhanced by the presence of Cu atoms with empty 4s states just below the higher-lying 5p Te states of the lone pair. In this case, the hole-creating process is much faster, as the lone pair is unstable with respect to the filling of the Cu empty level. We remark that the number of holes Interestingly, in this model, the creation of copper islands in the glass would decrease  because it would not allow the creation of hole-centers. For all these reasons, the Cu-As-Te ternary glasses behave like extrinsic semiconductors with quite high hole concentrations and relatively low hole mobility. If this picture is correct, the logarithmic decrease of resistivity with increasing temperature 52 should be attributed to an increase of the hole mobility with temperature, rather than a change in the hole concentration. To conclude, our XANES measurements at the Te K-edges for Cu-As-Te glasses point to a positive valence for Te, increasing with increasing Cu content ( Fig. 1(b) ). This is confirmed by multiple-scattering calculation. It is not confirmed by DFT calculations, though the latter do not allow for a definite conclusion on this point. Combining all the experimental findings at As, Te and Cu K-edges with their theoretical interpretation through multiple-scattering and DFT calculations, we find that a small electron charge transfer from Te 5p non-bonding states to Cu 4s empty states is a possible interpretation. These findings suggest an interesting interpretation to explain the huge increase in  with Cu in these Cu-As-Te p-type glasses. The electrical conductivity is not determined by Cu orbitals but by the holes created in non-bonding Te 5p
orbitals. The role of Cu atoms is to act as acceptors, tuning the hole concentration in Te 5p
orbitals. The hole conductivity is confirmed by the positive measured Seebeck coefficient in 14 these doped glasses [28] [29] [30] . This picture can be understood as a modification of the VAP mechanism, usually invoked to explain conductivity in chalcogenide glasses 50, 51 . Such a mechanism reckons heavily on the Cu-Te and Te-Te bond connectivity rather than Cu-Cu bonding. These results can lead to more precise investigations of the local environment of these glasses so as to optimize the doping strategies, in order to enhance the thermoelectric performance. Future theoretical and experimental investigations might confirm our prediction: in particular, it would be interesting to look for positive correlations between the increase in electrical conductivity and the increase in Cu-Te bonds by the study of Cu-Te pair distribution function.
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